Abstract-In-band full-duplex (IBFD) transmission has the potential to nearly double the throughput by improving the spectral efficiency. To achieve this, the self-interference (SI) at the receiver due to one's own transmission must be suppressed, such that it does not obscure the desired signal. Compact onfrequency repeaters are suitable candidates for initial implementation of IBFD. However, the design, evaluation, and optimization of such systems require realistic SI channel models. In this contribution, we characterize measured multiple-input multipleoutput (MIMO) SI channels as a 2-D site-specific geometrybased stochastic channel model. The model includes smooth walls causing specular reflections, diffuse scatterers along the smooth walls, and mobile scatterers modeling pedestrians and vehicles. Importantly, the model provides delay, angular, and polarimetric characteristics of the MIMO SI channels and is validated by comparing the measured and simulated channels in delay, Doppler, and spatial domains.
I. INTRODUCTION
I N-BAND full-duplex (IBFD) transceivers [1] - [12] simultaneously transmit and receive radio frequency (RF) signals in the same frequency band. This has the potential to provide as much as double the capacity compared to traditional half-duplex systems and reduce latency in wireless networks [6] . Transmitting and receiving on the same time-frequency resource result in strong co-channel selfinterference (SI), which can be over 100 dB more powerful than the desired received signal. Time and frequency division duplexing are established methods of avoiding co-channel SI. However, to achieve IBFD operation, the SI must be mitigated using various techniques to reduce and/or cancel SI at the receiver.
Relays and point-to-point radio links are among the first systems to deploy IBFD technologies [9] , [13] , [14] , with commercial field trials now completed [15] , [16] . One application for IBFD relays is outdoor-to-indoor coverage extension, where the relay is deployed close to a window. In the downlink scenario, the relay decodes and/or amplifies signals from the base station toward users inside the building. In this type of system, SI results from direct coupling between the closely spaced transmit (Tx) and receive (Rx) antennas and from indirect coupling due to multipath propagation between them, i.e., reflections and scattering in the operating environment. Previous results have demonstrated that this multipath propagation can result in significant SI [6] , [8] .
SI mitigation techniques can, in general, be divided into three categories: over-the-air (OTA) SI avoidance [1] , [5] , [8] , [13] , RF SI cancellation [4] , [8] , [17] , and digital baseband SI cancellation [4] . In the case of OTA SI avoidance, separate antennas are used for Tx and Rx subsystems, thereby providing passive isolation by limiting electromagnetic coupling between the antennas. The effectiveness of OTA SI avoidance depends on the design of the antenna position, pattern, and shielding and/or field absorption techniques [8] . This is then complemented further by RF and digital baseband SI cancellation techniques. RF SI cancellation techniques aim to suppress the SI in the analog receive-chain circuitry [6] . Passive feedforward RF cancellation involves tapping the signal at the Tx antenna feed, processing this in the RF domain, and then subtracting this at the receiver [4] . Active feed-forward RF cancellation taps the signal in the digital baseband domain and processes this to generate a baseband cancellation signal. This is then up-converted using an auxiliary transmitter and subtracted in the RF domain [18] , [19] . Digital baseband SI cancellation is based on linear and nonlinear SI channel estimation and subtraction in the digital baseband domain (see [6] and references therein).
Practical realization of IBFD radios requires mitigating the SI to the noise floor. This means that in addition to improving the electromagnetic isolation between the antennas, the multipath SI must be suppressed. The SI is also dynamic, as objects in the environment are mobile, e.g., vehicles, pedestrians, and so on. This necessitates knowledge of the SI channel behavior to effectively mitigate the SI dynamically. Hence, the RF and baseband SI cancellation techniques need appropriate knowledge of the SI channel and must be both 0018-926X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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wideband and adaptive over time [11] , [20] . Thus, SI channel models play a vital role in the evaluation of the cancellation solutions. This paper focuses on the OTA SI avoidance, specifically the measurement and modeling of the SI channel of an IBFD relay antenna system suitable for multiple-inputmultiple-output (MIMO) systems. The SI channel includes dynamic multipath coupling due to the movement of objects in the physical environment. Previous work on SI channel characterization for an IBFD relay [21] investigated the mean isolation level at 2.6 GHz for indoor deployment and did not discuss the wideband characteristics of the SI channel. Reference [22] reports indoor wideband SI channels between 2.45 and 2.75 GHz based on measurements, but still lacks the spatial and Doppler characteristics. This paper presents the first channel model based on measurements, which jointly models the SI channel in the polarization, delay, Doppler, and spatial domains. Understanding SI propagation in all of these domains is critical in the development and evaluation of IBFD radios. This paper extends the work [22] , with the following three major advances:
1) performing additional measurements to cover various deployment scenarios of IBFD relays; 2) characterizing the SI channels in terms of delay, Doppler, spatial, and polarization domains in addition to the already reported wideband characteristics; 3) establishing a site-specific geometry-based stochastic channel model (GSCM), in a similar spirit as [23] and [24] , which can be used as a versatile tool to reproduce the SI channel over spatial, temporal, delay, and polarization domains jointly. The Tx and Rx antennas are located close to each other in the proposed GSCM compared with the site-specific GSCM developed for the vehicular-to-vehicular scenario in [23] . Furthermore, the proposed GSCM includes polarization dependence which is not considered in [23] .
The remainder of this paper is organized as follows. Section II describes the measurement setup, modes, and scenario. Section III describes the measured SI channel characteristics, which are then modeled as a site-specific GSCM, as described in Section IV. Section V describes the channel model validation and Section VI concludes this paper.
II. SI CHANNEL MEASUREMENTS

A. Antenna Array
For the wideband and time-varying MIMO SI channel measurements, a compact relay antenna system consisting of back-to-back (B2B) patch antennas was chosen. It has the dimensions of 180 × 150 × 57 mm 3 as previously reported in [22] . The relay comprises two ground planes spaced 47 mm apart using nylon screws. Two dual-polarized patch antennas are located on either side of the ground planes facing opposite directions, corresponding to four feeds on each side. We assume that the four feed ports on one side serve as Tx antennas, and another four on the other side serve as Rx antennas. In total, we have 4 × 4 = 16 coupling channels between the Tx and Rx feeds. Of these, eight are between Tx and Rx antenna feeds with the same polarization, and the other eight are between antenna feeds with orthogonal polarizations.
The individual antenna feeds have input matching better than −6 dB over around 300 MHz bandwidth across 2.6 GHz. The mutual coupling between the antenna feeds in the anechoic chamber, which refers to the direct coupling in the SI channel, varies between −40 and −80 dB for different antenna combinations. Fig. 1 shows the simulated azimuth radiation patterns of the horizontally (H) and vertically (V) polarized Tx and Rx antennas with respect to the ground. The antennas have a main-lobe gain of 9.3 dBi in the respective broadside directions. Due to the B2B structure of the relay, their broadsides point in the opposite directions.
B. SI Channel Measurements
The dynamic wideband MIMO SI channel measurements were performed using an Agilent PNAX-N5242 vector network analyzer (VNA). The VNA performs continuous-wave measurements of channels between 2.45 and 2.75 GHz with 0.5 MHz spacing. The measurement setup is shown in Fig. 2 . Port 1 of the VNA was used as a transmitting port and connected to antenna feeds 1-4 through an SP6T switch (Narda SEM163T). The two unused ports of the RF switch were terminated by 50 loads. Feeds 9-12 were connected to another SP6T switch (Narda SEM163) in a similar configuration and was then connected to a low-noise amplifier (LNA) with 20 dB gain before it is fed to Port 2 of the VNA. The scattering parameters, S 21 of the SI channel, were measured for different antenna combinations over time. The switches were mounted at the base of the antenna tripod and were controlled using a custom microcontroller and logic circuit with a serial RS-232 interface. The switches and VNA were interfaced using MATLAB codes. The effect of the internal circuits of the VNA, cables, switches, and LNA was removed in postprocessing using the B2B calibration method.
C. Measurement Modes
In this section, we describe the different modes of the measurement setup to model the delay and Doppler characteristics.
1) Static Mode:
The multipath SI channel measurements were performed at multiple positions, i.e., different antenna locations and heights. The S 21 was measured sequentially for different feed combinations using the RF switches to obtain the 4 × 4 MIMO SI channels. A complete measurement of the MIMO channel takes 640 ms, including the switching delay. At each antenna position, the MIMO channel was measured ten times.
2) Doppler Mode: In order to characterize the temporal fading characteristics of the SI channel, the S 21 is repeatedly measured at higher temporal sampling rates than the static mode. Because of the relatively slow RF mechanical switches, these measurements were conducted only for one antenna feed combination at a time. Moreover, due to the limited memory available on board the VNA, there is a tradeoff between the temporal sampling rate and the duration of the measurement. The VNA was configured to use a segmented sweep mode, in which multiple sweeps are stored into the same trace buffer, avoiding accessing the memory during the sweeps. In this mode, the sampling rate is limited only by the sweep time and the local oscillator fly-back time. For the 300 MHz bandwidth and 0.5 MHz frequency resolution, this configuration allows us to measure channels every 7 ms. This leads to a Doppler bandwidth of 142 Hz, which corresponds to 71 Hz maximum Doppler shift. However, due to the limited trace buffer size, the number of sweeps was also limited to 20 per measurement, with each sweep repeatedly sampling across the entire bandwidth 50 times. This results in a sampling duration of 7 ms × 50 = 350 ms, corresponding to 2.86 Hz resolution of the Doppler spectra. Due to the large measurement time taken for the Doppler characterization, only two feed combinations, one co-polarized and one cross-polarized, were measured.
D. Measurement Scenario
The SI channels were measured outside a building window at the street level on Park Row, Bristol, adjacent to the Merchant Venturers Building at the University of Bristol. This street has three-story buildings on both sides of the road, forming a street canyon. Measurements were taken at three locations adjacent to the window, repeated at 11 antenna heights between 170 and 190 cm with 2 cm increment, resulting in 33 measurement positions in this measurement scenario. The antenna was oriented with the main beams facing out of the window/into the room. The antenna was located 30 cm in front of the windows.
III. SI CHANNEL CHARACTERISTICS
In this section, the delay-, temporal-, and spatial-domain characteristics of the measured SI channels are discussed by means of the power delay profile (PDP), power Doppler spectra (PDS), and antenna correlation.
A. Delay-Domain Characteristics
1) Derivation of PDPs:
The static-mode measurements described in Section II-C are used for deriving the PDPs. The wideband time-varying MIMO SI channels are described by the transfer function H i j ( f, t, p), where i and j are the Rx and Tx antenna indices, respectively, f denotes the measurement RF index, t refers to the measurement time index at the antenna position, 1 ≤ t ≤ 10, corresponding to ten realizations of H( f, t, p) obtained over time as described in Section II-C, and p refers to the antenna position index, 1 ≤ p ≤ 33 as described in Section II-D.
The channel impulse response (CIR) of each antenna combination h i j (m, t, p) is obtained by the inverse fast Fourier transform (IFFT) of H i j ( f, t, p) with the Hann window; m refers to the delay bin index defined every 3.33 ns corresponding to 300 MHz measurement bandwidth. The Hann window was chosen, as it has low levels of signal leakage in the delay domain, allowing weaker parts of the SI channel to be detected properly. The amplitude of each impulse response is then scaled with a factor of 0.5 to account for the reduction of the main-lobe power due to the Hann window.
The PDP for each feed combination is obtained from the CIRs as
thereby removing the effect of small-scale fading; E t, p {·} refers to the ensemble average with respect to realizations over time t and position p. A single PDP for each antenna feed combination is, therefore, defined for the measurement scenario.
The polarization-specific PDPs, i.e., co-polarized feed combinations, V-V and H-H, and cross-polarized feed combinations, V-H and H-V, are calculated as the ensemble average of the PDPs between the respective feed combinations. The polarizations V and H are with respect to the ground. Here, the polarization pair corresponds to the Rx-Tx antenna polarizations. The global PDP is derived as the ensemble average of the PDPs over all the feed combinations.
A peak in the PDP is identified at a particular delay bin if the power in the delay bin is 3 dB larger than the 7-bin moving average of the PDP, centered at the delay bin. In addition, the first three delay bins, i.e., 0, 3.33, and 6.67 ns, are identified as peaks. When the peak delay bins are detected, accurate peak delays and powers are determined by fitting the local PDP shape around the peak delay bin with a Sinc function for interpolation. The Sinc function in the delay domain corresponds to a rectangular frequency window of the transfer function. For the interpolation, the PDP is calculated from the CIRs that are obtained from the transfer function using a rectangular window instead of the Hann window. Schematic of measurement site with antenna deployed outside building window. Fig. 3 shows the measured global and polarization-specific PDPs. The objects causing the specular peaks are identified based on the geometry of the measured scenario and matching them to the corresponding delays of the peaks. The main objects causing the specular reflections are shown in Fig. 4 . This includes the walls of the room inside the building adjacent to the antenna deployment location, as well as the buildings and small scatterers on the other side of the road. The measured PDP in Fig. 3 shows that the V-V polarized component is stronger than the H-H polarized component. This is because the measured SI channel is affected by antenna radiation patterns. The vertically polarized antennas used in the measurements have larger beamwidth than the horizontally polarized antennas as shown in the simulated radiation patterns in Fig. 1 . This results in stronger measured SI for the V-V polarizations as compared to the H-H polarizations, while V-H and H-V polarized feed combinations have similar levels of PDPs.
2) Scatterer Identification:
3) Delay Dispersion: The delay dispersion of the SI channel is represented by the mean delay, τ m , and the RMS delay spread, τ rms . They are calculated from the global and polarization-specific PDPs in the manner defined in [25] . Since the SI cancellation aims to suppress the SI to the noise floor, all delay bins with power above the noise threshold are used in their calculation. The noise threshold is given by P th = P n +6 dB, where P th and P n are the noise threshold and the estimated noise from the PDPs, respectively. The global rms delay spread is 10.7 ns with the mean delay of 6.5 ns, indicating that most of the SI power arrives within the first four delay bins.
4) Wideband Fading Characteristics:
The wideband fading characteristics of the SI channel are modeled by estimating the Rican K -factor of each delay bin through the momentbased method [26] . The fading realizations come from the CIRs of the MIMO channel at different antenna positions. The magnitudes of the CIRs are normalized to that of the PDP of the corresponding antenna combination as
The Ricean K -factors for the first two delay bins at 0 and 3.33 ns are 5.1 and 0.3 dB, respectively. This is due to the direct component. The remaining delay bins exhibit Rayleigh fading, i.e., K ≤ 0 dB due to several multipaths arriving at the same delay bin.
B. Doppler Characteristics
Moving objects, such as pedestrians and cars in the surrounding environment, cause SI channel variation in the time domain. The Doppler measurement mode described in Section II-C is, therefore, our main interest in this section. The transfer functions for the measured co-and cross-polarized feed combinations, H co ( f, t, p, n) and H cross ( f, t, p, n), respectively, are defined in the same manner as described in Section III-A; n = 1, 2, . . . , 20 refers to the measurement sweep index at the same antenna position, as described in Section II-C.
The corresponding CIRs, h co (m, t, p, n) and h cross (m, t, p, n), are obtained using the IFFT in a similar manner as described in Section III-A. The spreading functions [25] , S co (m, ν, p, n) and S cross (m, ν, p, n), are derived by applying the FFT to the series of CIRs over time index, 1 ≤ t ≤ 50, sampled every 7 ms at each position. This leads to the delay-Doppler representation of the channel with Doppler frequency ν. The PDS for the co-and cross-polarized channels is obtained by incoherently averaging the spreading functions as
where E n {·} denotes the ensemble average over the measure- up to 40 ns delay is primarily due to pedestrian movement, while beyond 40 ns delay, the Doppler spread is attributed to both pedestrian and vehicular movements. The rms Doppler spread for the co-and cross-polarizations follows a similar pattern. Also, a wooden door was ∼ 2 m away from the antenna site, which was opened and closed frequently, with people walking toward and away from the antenna. This can cause additional Doppler spread in the initial delay bins.
C. Spatial Characteristics
We finally derive the narrowband antenna correlation of the SI MIMO channel as a measure of spatial and polarimetric characteristics. The static-mode measurements are used for the analysis.
The narrowband antenna correlation between the j th and kth Tx antennas ρ Tx j k is defined as
where i refers to the Rx antenna index,
For convenience, the time index, t, the frequency index, f , and the position index, p, dependences are suppressed in the right-hand side of (4). The mean antenna correlation over time and position is calculated as
The narrowband correlation between the Rx antenna elements is calculated in a similar manner. The antenna correlation is found less than 0.6, indicating large angular dispersiveness of the channel. This may lead to limited performance of eigenmode-based SI mitigation techniques [27] .
IV. SI CHANNEL MODEL
A site-specific GSCM is developed based on the SI channel characteristics described in Section III for the outdoor deployment of IBFD relays. First, the site-specific geometry is defined, and then a method to reproduce the SI channel as a sum of propagation paths is given. Finally, the implementation recipe is enumerated to generate dynamic wideband MIMO SI channel.
A. Geometry Description
The schematic of the proposed 2-D geometry is shown in Fig. 6 . It comprises smooth building walls on both sides of the road, as well as the smooth walls of the room inside the building next to the antenna deployment location. In addition, we model diffuse scatterers placed adjacent to the smooth walls, and mobile scatterers, i.e., pedestrians and vehicles on the road.
The length and width of the road are defined along the x-and y-axes, respectively. The coordinate limits of the geometry along the y-dimension are determined by the road width W road and the room depth D room next to the antenna, as shown in Fig. 6 . The origin is located at the center of the road. The coordinate limits along the x-dimension are determined by the maximum delay τ max due to the first-order diffuse scattering from objects on both sides of the antenna, along the x-axis. Since the Tx and Rx antennas are colocated, x min = x Tx − τ max c/2 and x max = x Tx + τ max c/2, where x Tx corresponds to the x-coordinate of the Tx and c is the velocity of light. The characteristics of reflected and scattered paths due to different walls and scatterers are defined as follows.
1) Smooth Walls:
The building walls on both sides of the road are at y = ±W road /2 and extend from x min to x max . The walls of the room behind the antenna are also defined as smooth walls with dimensions W room × D room . Each wall is assigned corresponding permittivities and normal vectors. Up to N w th order, reflections from the walls are considered. The complex signal amplitude of the lth reflected path α l wall is
where λ is the free space wavelength and d l is the propagation path length; HH are the Fresnel reflection coefficients at the n w th interaction of the path with the smooth wall for the respective polarizations in (6) . A random phase ξ l ∼ U [0, 2π] is added to each path to account for the phase change due to ground reflections of the corresponding paths. The path loss exponent, n l , is defined as
where d break = 4h ant 2 /λ is the breakpoint distance where the ground begins obstructing the first Fresnel zone; h ant refers to the Tx/Rx antenna height. The higher path loss exponent n l > 2 is a reasonable estimate considering the low antenna height, obstruction of paths' first Fresnel zone due to the ground, as well as reflections from the ground [28] .
If the signal penetrates through the glass window near the antenna, the corresponding path undergoes additional penetration loss, determined by the polarimetric transmission coefficients. In addition, 10 dB losses are added to paths if they are shadowed by the relay antenna itself; such paths occur when thinking of twice-reflection on both sides of the walls for example. The 10 dB additional loss is a reasonable estimate when considering the shadowed Fresnel zone size at 2.6 GHz. The angle of 
2) Diffuse Scatterers Adjacent to Smooth Walls:
Next, we consider diffuse scatterers located next to smooth walls, which correspond to objects such as signboards and rough brick walls. These diffuse scatterers are located at a small distance, i.e., 5 cm in front of the smooth walls and are uniformly spaced along them with density λ diffuse . Each diffuse scatterer is assigned a radar cross section (RCS) with isotropic scattering. Due to the cluttered street canyon environment as well as the operating RF of 2.6 GHz, both the first-order and the second-order diffuse scattering are considered. The polarimetric complex amplitude of a path arising from the sth diffuse scatterer is given by
where d s corresponds to the distance of the scatterer from the colocated Tx/Rx antenna location and σ s = σ diffuse is the RCS of the corresponding scatterer in (8) . The distance term is squared indicating equal path length from the Tx antenna to the scatterer and from the scatterer back to the Rx antenna. Thus, the total path distance is d s1 = 2d s . γ s denotes the polarization matrix defined as
where C P R, X P D V , and X P D H in (9) refer to the co-and cross-polar power ratios between the vertical and horizontal polarizations as given by
The phase of each element of the polarization matrix is assigned randomly for each of the scattered paths,
The complex polarimetric amplitude of the second-order scattered paths from the diffuse scatterers s 1 and s 2 is given by (9) . It should be noted that the diffuse paths from the room adjacent to the antenna will have additional penetration loss as the signal penetrates through the glass windows, similar to the paths from smooth walls. Also, we assume that the diffuse scatterers inside the room do not interact with the diffuse scatterers outside the room on the road, and thus, α 
where s slow refers to the pedestrian index. The pedestrian density λ slow determines the number of pedestrians in the geometry. The corresponding y-coordinate of the pedestrian scatterers is similarly derived as y s slow ∼ U [y b1 , y p1 ]. The x-and y-coordinates of pedestrian mobile scatterers on the other side of the road are also randomly generated based on a uniform distribution with the corresponding range y s slow ∼ U [y p2 , y b2 ] (see Fig. 6 for the definitions of y b1 , y p1 , y p2 , and y b2 ). The velocity of each pedestrian scatterer along the x-axis is determined as v s slow ∼ U [−v slow max , v slow max ], with maximum speed v slow max . We consider that there is no pedestrian movement along the y-axis.
In a similar manner, the scatterers representing fast-moving vehicles are distributed randomly in the x-dimension as x s fast (t = 0) ∼ U [x min , x max ] with density λ fast , where s fast is the vehicle index. The y-coordinate is then determined as y s fast ∼ U [y p1 , y p2 ], where the coordinates y p1 and y p2 are defined in Fig. 6 . The vehicles in lanes L 1 and L 2 move along the −x and +x directions, respectively, while lane L 3 is designated as a parking lane. A direction parameter v s is assigned to each vehicular scatterer and can take either −1 or +1, representing the movement in the −x and +x directions, respectively. The speed of vehicles is determined by Poisson distribution as v s fast ∼ Poisson(v fast ), where v fast corresponds to the mean speed in either direction; v fast = 0 for vehicles in the parking lane.
Each mobile scatterer is assigned an RCS, σ mobile ∈ {σ slow , σ fast }, corresponding to pedestrians and vehicles, respectively, and is assumed to exhibit isotropic scattering. Only the first-order scattering is considered from the mobile scatterers. The polarimetric complex amplitude of a path arising from the s m th mobile scatterer, s m ∈ {s slow , s fast }, α s m mobile , is calculated in a similar manner as the first-order diffuse scattering in (8) , such that
where d s m is the distance between the colocated Tx-Rx antennas and the mobile scatterer, resulting in total path distance d s m1 = 2d s m , and γ s m is defined in a similar manner as (9).
B. Channel Generation
Once the delay, amplitude, AoA, and AoD are defined for the reflected and scattered paths, they are combined with the antenna radiation patterns to yield the radio channel transfer function H i j as (13) where L, L diffuse , and L mobile correspond to the number of reflected paths from smooth walls and the number of diffuse and mobile scatterers, respectively; H i j,direct denotes the mutual coupling between the Tx and Rx antennas, which comes either from electromagnetic simulations or measurements of the considered IBFD relay. Each term in (13) is obtained by combining the radiation patterns of the Tx and Rx antennas with the corresponding polarimetric complex path response.
For smooth wall reflections, the transfer function of the lth path, H l i j,wall , is 
AoD ) correspond to the complex amplitude of the i th receive and j th transmit antenna in the azimuth plane for vertical and horizontal polarizations, respectively; · T is the transpose of the matrix, and α l wall is given by (6) . Similarly, the channel transfer functions for the first-and second- The model parameters, i.e., the density and RCS of the mobile and diffuse scatterers are manually optimized by heuristically comparing with the measured channel characteristics described in Section III. As we consider up to the second-order diffuse scattering, many multipath components arrive at the same delay bin. Thus, the fading characteristics are an inherent part of the model.
C. Implementation Recipe
The implementation of the channel model involves generating the scatterers, followed by calculating the path parameters, i.e., power, amplitude, AoA, and AoD. Finally, the bandlimited channel transfer function matrix H is generated by combining the paths. Realistic model parameters based on [29] are considered for the simulations as listed in Table I , with the geometrical settings defined in Fig. 6 . The implementation steps are summarized as follows.
Step 1) Simulate using an electromagnetic solver or measure the mutual coupling H i j,direct between the Tx and Rx antennas of the IBFD relay.
Step 2) Define the Tx/Rx antenna position and the smooth building walls along the x-coordinate as well as room walls. Assign corresponding permittivities and derive their normal vectors.
Step 3) Generate diffuse and mobile scatterers as shown in the layout in Fig. 6 and assign RCS to them based on the type of scatterers.
Step 4) Assign velocities to the mobile scatterers depending on the traffic lane, which classifies pedestrians and vehicles.
Step 5) Compute Fresnel reflection coefficients from the smooth walls up to the N w th-order reflections.
Step 6) Identify the first-and second-order scattered paths from the diffuse scatterers along the smooth walls.
Step 7) Derive the first-order scattered paths from the mobile scatterers using their current position. (14)- (17) combining the antenna gain with the complex amplitude of each path.
Step 9) Calculate the channel transfer function as described in (13) combining the transfer function of all the paths, depending on the desired system bandwidth and frequency spacing. 
V. CHANNEL MODEL VALIDATION
In this section, the delay, Doppler, and spatial characteristics of the SI channel generated by the proposed model are compared with the measurements; 50 different realizations of the mobile scatterers are simulated with the colocated Tx/Rx antenna located 30 cm away from the wall. The glass window next to the antenna has a permittivity r = 6.5, and the building walls along the road and adjacent room walls are defined as concrete, r = 4. As the measurement site was overlooking a side road parking bay, there is no building exactly opposite to the wall, as shown in Fig. 4 . Hence, a smooth wall recessed from the building line by D park = 4.56 m, corresponding to the windshield of a car parked in the parking bay, is considered in the simulations. The recessed smooth wall is modeled as glass windows with permittivity r = 6.5. The initial positions of the mobile scatterers are then generated in the respective lanes with corresponding velocities. Fig. 7 shows an exemplary geometry for a single time instant, where the diffuse scatterers are located adjacent to the smooth walls. The channel transfer functions (13) are derived for the same frequency band as measurements, i.e., between 2.45 and 2.75 GHz with 0.5 MHz resolution. The IFFT of the transfer function results in the band-limited CIRs.
A. Delay Domain
Fifty CIRs are generated from each scatterer realization by adding random phases to each path to account for small-scale Fig. 8 show that the channel model can reproduce the propagation phenomenon in the measured deployment scenario, reproducing the measured peaks. In addition to the specular peak due to reflection from the recessed wall on the opposite side of the road, the model also includes diffuse scattering from the opposite side of the road. This causes additional SI near the specular peak. The difference between the simulated and measured global rms delay spreads is 1.6 ns, which is less than the delay resolution of the measurement, 3.33 ns. Table II compares the simulated and measured mean delay and rms delay spreads, indicating the validity of the model. The fading characteristics are studied in a similar manner as described in Section III-A with the fading realizations from the 50 CIRs of the MIMO channel for different scatterer realizations. The simulated Ricean K -factors are 6.8 and 4.8 dB for the first two delay bins at 0 and 3.33 ns, compared to 5.1 and 0.3 dB from measurements, respectively. The remaining delay bins undergo Rayleigh fading. The small difference in the first two delay bins between the measured and simulated characteristics can be attributed to the near-field scattering, which is not considered in the model. 
B. Doppler Domain
For each of the 50 different scatterer realizations, the mobile scatterers are displaced according to their velocity, every 7 ms for 350 ms period. The path characteristics, i.e., delay, amplitude, AoA, and AoD from the mobile scatterers, are updated, and the corresponding CIRs are obtained for each time step. We, therefore, have 50 different time-varying sets of CIRs. They are converted to the spreading functions, whereby rms Doppler spreads are derived for each delay bin. The averaged rms Doppler spreads over 50 different realizations of mobile scatterers and over co-and cross-polarizations of the Tx and Rx antenna feeds are shown in Fig. 9 . The figure indicates good agreement between the simulated and measured rms Doppler spreads. Although we assume fixed installation of the relays as they are infrastructure devices, the simulated and measured average rms Doppler spreads in Fig. 9 indicate that our proposed channel model reproduces the nonstationarity of the measured channel with the pedestrians and vehicles in the surrounding environment.
C. Spatial Domain
Finally, we compare the simulated and measured narrowband antenna correlation on the Tx and Rx sides. The channel transfer functions at the first time step in the Doppler validation, i.e., the initial positions of the mobile scatterers defined in Section V-B, are used. The antenna correlation is calculated in a similar manner as described in Section III-C, where the average of narrowband antenna correlation values is taken over antenna elements on the other side, the RF, and the 50 realizations of mobile scatterers. The result gives us the same conclusion as measurements that the narrowband antenna correlation is always less than 0.6 and hence insignificant.
VI. CONCLUSION
Here, we have presented new channel measurements for SI coupling between Tx and Rx elements of an IBFD relay antenna system and developed a site-specific GSCM which can replicate the observed propagation phenomena. The SI channel was characterized in an outdoor street-canyon deployment scenario and a 2-D site-specific GSCM is proposed for modeling the wideband dynamic MIMO SI channels. The measured SI channel characteristics between 2.45 and 2.75 GHz indicate that a significant portion of the SI arrives within 10.7 ns, corresponding to the first four delay bins with 3.33 ns spacing. It was found that objects in the near vicinity of the antenna, such as windows, contribute significantly to the SI. Thus, mitigating the SI in the first four delay bins in the analog/RF domain can decrease the load on additional baseband cancellation techniques. The measured Doppler characteristics show that maximum Doppler spread is 41 Hz due to vehicular movement in the environment. Finally, the transmit and receive antennas of the on-frequency repeater are uncorrelated. This indicated that eigenmode-based cancellation solutions may not be effective for MIMO with a limited number of antenna elements, as the multipath SI arrives from all directions.
The proposed GSCM for the SI channel considers smooth walls producing specular reflections, objects near the smooth walls, along with the mobile scatterers which model diffuse scattering from pedestrians and vehicles. The proposed SI channel model is the first channel model based on measurements to simulate the SI channel jointly in the polarization, delay, Doppler, and spatial domains, all of which are critical in the development and evaluation of IBFD radios. The model was validated through comparison with measurements at 2.6 GHz.
